ABSTRACT: As survival rates for childhood acute lymphoblastic leukemia have increased, concerns over improved quality-of-life have also increased. Although 3-10% of children may experience acute transient neurotoxicity during induction chemotherapy, they are felt to be at low risk for late sequelae. We report three previously healthy boys with newly-diagnosed acute lymphoblastic leukemia who presented with obtundation and severe seizures during late induction with a standard four drug chemotherapy regimen. While all three are disease-free survivors, they unexpectedly have persistent and medically intractable partial complex seizures, broad-based neuropsychological impairment and striking neuroimaging abnormalities. These findings suggest that children with leukemia who develop an acute encephalopathy during induction chemotherapy are at risk for long-term neurological and neuropsychological sequelae, despite the cessation of further potentially neurotoxic therapy. RESUME: Encephalopathie severe permanente dans la leucemie Iymphobiastique aigue. Dupuis que le taux de survie des enfants atteints de leucemie Iymphobiastique aigue a augmmente, on se preoccupe davantage d'amdliorer leur qualite de vie. Bien que 3 a 10% des enfants peuvent manifester une neurotoxicite aigue transitoire pendant la chimiotherapie inductrice de remission, ils sont considered comme presentant un risque faible de sequelles tardives. Nous rapportons les cas de trois garcons auparavant en same, chez qui on a diagnostique une leucemie Iymphobiastique aigue et qui ont prgsente de I'obnubilation et des crises convulsives severes pendant l'induction tardive, sous un regime chimiotherapeutique constitue de quatre medicaments standards. Bien que les trois enfants survivent sans evidence de leur maladie, il est surprenant de constater qu'ils presentent des crises partielles complexes persistantes et resistantes au traitement, une atteinte neuropsychologique etendue et des anomalies evidentes a l'imagerie cer6brale. Ces constatations suggerent que les enfants atteints de leucemie, qui developpent une encephalopathie aiigue pendant la chimiotherapie inductrice de remission, sont a risque de presenter des sequelles neurologiques et neuropsychologiques a long terme malgre l'arret de toute therapie potentiellement neurotoxique.
- 5 Acute changes in mental status during therapy for acute lymphoblastic leukemia have been reported in 3-10% of children but chronic encephalopathy has been a rare occurrence when children have not received cranial irradiation and there is no systematic data available on neurotoxicity to determine which children may be at risk for clinically significant impairment of central nervous system function. 6 In a ten year period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) , approximately 2,000 children with acute lymphoblastic leukemia were treated at The Hospital for Sick Children. We report three children identified with acute lymphoblastic leukemia in remission which were treated with the high risk protocol and sustained an acute change in mental status with seizures but who unexpectedly have had persistent medically intractable partial complex seizures, broadbased neuropsychological impairment and neuroimaging abnormalities 15 mos. to 7 years after the initial event. Severe residual neurological sequelae may sometimes result from induction therapy for acute lymphoblastic leukemia. While chemoprophylaxis alone may be associated with severe chronic encephalopathy, such complications have generally been previously attributed to cranial irradiation in combination with methotrexate. 
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CASE REPORTS
Patient 1
A 8 3/12 year-old boy developed fatigue^ pain in both arms and legs arid daily dull headaches two and 6ne-half weeks prior to admission. The total white blood cell courit was 55,000/mm 3 with 70% blasts. Bone marrow aspiration showed that the normal hematopoietic cellular elements were almost totally replaced by leukemic blast cells. Lumbar puncture was negative for the presence of rhalignant cells and cerebrospinal fluid (CSF) protein was 0.32 g/L. The diagnosis of acute lymphoblastic leukernia of L 2 morphology was made and induction therapy was initiated (Figure 1 ). On day 14 of therapy, CSF protein was 0.2 g/L: On day 22 of therapy, he was noted to have a BP of 160/110, but was asymptomatic. The next day he suddenly became unresponsive to commands and required teriipor'ary respiratory assistance. Two hours earlier he had been alert and oriented. Pupils were equally dilated to 5mm, but unreactive to light. The eyes were tonically deviated to the right and the right arm exhibited tonic-clonic movements. There were no signs of meningeal irritation; deep tendon reflexes and plantar reflexes were normal. After intubation, the patient was transferred to the intensive care unit (ICU). A CT scan was obtained and showed mild diffuse enlargement of the ventricular and subarachnoid CSF spaces. Multifocal abnormalities were noted at gray-white junctions and in the cerebral cortex bilaterally: These lesions were associated with diffuse gyriforrh enhancerrient compatible with small areas of infarction ( Figures 1 A and B) . Repeat CT scans showed resolution of the enhancing lesions. EEGs showed generalized excess of slow activity and sharp wave discharges in both heriiispheres. CSF was normal with the exception of a protein level of 0.46 g/L. Magnetic Resonance Iriiaging (MRl) with T-2-weighting done 15 months from the onset of encephalopathy showed a few areas of increased signal intensity in the left frontal white matter (Figure 1 C) . Auditory brainstem evoked potentials and somatosensory evoked potentials were normal. Visual evoked potentials showed mild delays and poor reproductibility of PI00 waves bilaterally. Two years from the time of acute lymphoblastic leukemia diagnosis, he has severe and widespread neuropsychological deficits ( Patient 2 A 10 3/12 year-old boy developed fatigue, episodic epistaxis, headaches and poor appetite one month prior to admission. The leukocyte count was 57,500/mm 3 with 86% blasts. Bone marrow aspirate confirmed the diagnosis of acute lymphoblastic leukemia with L, morphology. CSF was negative for malignant cells and protein was 0.12 g/L. Induction therapy was initiated (Table 1) . On day 30 of therapy, he became unresponsive to verbal commands, and was noted by his parents to be staring into space and jerking both arms and legs. The generalized clonic seizures were treated with diazepam and the hypertension (190/120) was treated with hydralazine, nitride and propranolol. He was then transferred to the ICU. On admission, his BP was 140/100 and he was unconscious and flaccid. Nuchal rigidity was present and plantar reflexes were equivocal. Deep tendon reflexes were absent. CT scan (Figures 2 A and B) showed a right parietal rounded area measuring about 3 cm in diameter with an edematous rim most consistent with a local hemorrhage or hemorrhagic infarction. Serial CT scans demonstrated resolution of the hematoma and persistent cortical atrophy. EEGs showed a generalized excess of slow activity with sharp wave discharges arising from the right hemisphere. CSF protein was 0.3 g/L and later decreased to 0.17 g/L in follow-up. He became progressively more alert and after discharge received 1800 cGy of prophylactic cranial irradiation. MRI performed 7 years later (Figure 2 C) showed cerebral and cerebellar atrophy and minimal white matter changes with increased signal intensity on T-2-weighted sequences namely in the parietal regions, but also in the frontal regions.
Seven years from the time of acute lymphoblastic leukemia diagnosis and three years from the discontinuation of chemotherapy, he has remained in remission but has severe and widespread deficits in neuropsychological function (Table 2 ). Bihemispheric partial complex seizures are frequent and poorly controlled with antiepileptic drugs.
Patient 3
A 4 5/12 year-old boy became lethargic, pale and anorectic one week prior to admission. He was irritable, and complained of a stiff neck, joint pains and headaches several days prior to admission. A complete blood count showed anemia, and a leukocyte count of 25,480/mm 3 with 19% blasts. Bone marrow aspiration confirmed the diagnosis of acute lymphoblastic leukemia of L 2 morphology and lumbar puncture was negative for the presence of leukemic cells. CSF protein was 0.15 g/L. On day 32 of induction therapy (Table 1) , he became obtundant at home and had generalized clonic seizures with episodic deviation of the eyes. The seizures were treated with diazepam and phenobarbital in a local hospital and he was transferred to the ICU.
He was unresponsive to verbal commands, flaccid in all extremities and had tonic deviation of the head to the right. A Brudzinski sign and bilateral Babinski signs were present. CT scan disclosed mild generalized brain atrophy (Figure 3 A) . MRI (Figure 3 B) showed symmetric white matter changes with high signal intensity of T-2-weighted sequences adjacent to the frontal horns and prominently in the parietooccipital regions. EEGs showed generalized excess of slow activity and sporadic sharp wave discharges in both hemispheres. CSF protein at the time of encephalopathy was 0.6 g/L and later normalized to 0.18 g/L. Visual evoked potentials showed slight delays in the PI00 waves bilaterally and somatosensory evoked potentials showed a poor response on the left following stimulation of the median nerve; auditory brainstem evoked potentials were normal. He had gradual improvement in his level of consciousness, but vision and general motor function remained poor at the time of discharge from the hospital three months following onset of encephalopathy.
In follow-up, vision and visual evoked potentials normalized, but somatosensory evoked potentials showed persistent abnormalities with delayed and dispersed responses to left median nerve stimulation. He was walking again on his own two months from the time of discharge. He was placed on a modified high risk treatment protocol in which intrathecal methotrexate was eliminated and his leukemia has remained in remission. He has had frequent partial complex seizures that are poorly controlled with antiepileptic drugs. Follow-up CT scan 2 years from the time of encephalopathy (Figure 3 C) showed cortical atrophy. At age 6 years, 5 months, he has impulsive and aggressive behavior and is performing well below age expectations in those neuropsychological functions that could be tested. (Table 2 ).
DISCUSSION
The improvement in survival rates in children with cancer over the last four decades has resulted from strong efforts in clinical research to identify those children with acute lymphoblastic leukemia at risk for relapse and to safely deliver to them intensive therapeutic regimens. Central nervous system
Figures 2 A, B and C -Patient 2. CT Scans without (A) and with (B) intravenous contrast demonstrate the presence of a right parietal hematoma with surrounding edema (arrow). MRI examination (C) shows a few areas of increased signal intensity on T-2-weighted sequences in the parietal white matter (arrows) at the time of cognitive testing.
Figures 3 A. B and C -Patient 3. Axial CT scan (A) discloses mild generalized brain atrophy. MR1 with T-2-weighing (B) at the time of acute encephalopathy demonstrates prominent areas of increased signal in the white matter. Follow-up CT scan (C) shows diffuse cortical atrophy at the time of cognitive testing.
prophylaxis with cranial irradiation and chemotherapy has contributed significantly to reducing the occurrence of meningeal leukemia in children with occult disease. However, central nervous system therapy for occult or overt meningeal leukemia has produced a myriad of acute, transient, subacute and chronic neurologic disturbances. The great majority of reports of neurotoxicity from central nervous system therapy have been in children who have received cranial irradiation and chemotherapy. Severe irreversible encephalopathies have developed in children who received 2400 cGy cranial irradiation followed by intravenous methotrexate at a dose of > 40 mg/m 2 weekly and many clinicians now avoid this sequence of therapy. 7 Most of the data on chronic irreversible forms of neurotoxicity pertain to children who have received 2400 cGy cranial irradiation plus intrathecal methotrexate. 8 ' 9 None of the children in this report had received cranial irradiation prior to the onset of acute encephalopathy. Within the past decade, there has been a trend towards more aggressive chemotherapy regimens in the induction phase of childhood acute lymphoblastic leukemia treatment and cranial irradiation has been withheld. In studies in which prophylactic therapy for central nervous system leukemia was limited to intrathecal methotrexate or cytosine arabinoside and hydrocortisone, no chronic severe neurotoxicity has been reported. The principal forms of toxicity have been arachnoiditis and seizures. Therefore, we report three cases of children who have experienced severe, persistent, medically intractible seizures and broad-based neuropsychological impairment which is probably attributable to the chemotherapy administered during induction. which may have also contributed to the chronic encephalopathy. However, the close timing of onset of the acute encephalopathy in all 3 patients (Figure 1 ), the similar clinical course, and the degree of cognitive impairment suggests to us that the induction regimen produced the structural central nervous system abnormalities and neurologic sequelae. Each patient had received a single dose of intrathecal cytosine arabinoside and only one (2 of 3) or two (1 of 3) doses of intrathecal methotrexate; each child had received multiple doses of vincristine, daunomycin, Lasparaginase and prednisone. L-asparaginase may have accounted for the high density lesion on the CT scan in Patient 2 and the multifocal enhancing lesions in Patient 1. Thrombotic stroke is associated with L-asparaginase therapy but it is unknown what the long-term effects of the drug might be since systematic neuropsychological evaluations have not been reported. 10 " It is interesting to note that Ochs reported worsening of neurological findings in a child with L-asparaginase-induced stroke when methotrexate was infused on two separate occasions. 6 Initial CT scans in L-asparaginase-induced thrombotic stroke may be normal, so it is possible that the drug also contributed to the acute encephalopathy in Patient 3 and the chronic encephalopathy in all three patients. Moreover, L-asparaginase may have placed all three children at risk for neurologic sequelae from the effects of intrathecal/intravenous methotrexate administered during the phases of induction, intensification, maintenance and re-induction.
Conceivably, intrathecal methotrexate may have contributed to the acute encephalopathy. There were no signs of acute chemical meningitis, the most common neurotoxicity from intrathecal methotrexate. Previous studies have shown an absence of white matter changes on neuroimaging in asymptomatic children with acute lymphoblastic leukemia treated with cranial irradiation and intrathecal methotrexate.
1213 Unlike other children who have received methotrexate, our patients had MRI findings of white matter disease. In Patient 3 the white matter changes observed at the time of the acute encephalopathy were not consistent with focal cortical injury (e.g., stroke) which might have resulted from L-asparaginase. Moreover, a follow-up CT scan in Patient 3 showed diffuse central nervous system atrophy and not focal encephalomalacia which may be seen from L-asparaginase thrombotic stroke. While cytosine arabinoside may produce neurotoxicity which is similar to that of methotrexate and should therefore be considered as a possible etiological factor, we speculate that the white matter changes on the MRI in all three patients are attributable to methotrexate for the following reasons: 1) intrathecal cytosine arabinoside had been administered more than three weeks earlier in acute lymphoblastic leukemia patients whereas the acute encephalopathy occurred from 5 to 8 days from intrathecal methotrexate administration, and 2) as in our Patient 3, Ebner 14 reported MRI findings of diffuse hyperintensity of cerebral white matter on T-2-weighted sequences in children with symptomatic methotrexate-induced neurotoxicity. In addition, the neuropsychological testing performed on our patients is consistent with previous reports of methotrexateinduced encephalopathy. 1517 Since cerebrospinal fluid levels of methotrexate were not measured, it is not known if the neurotoxicity which occurred is related to differences in the rate of metabolism of methotrexate.
Risk factors for the development of L-asparaginase or methotrexate neurotoxicity are unknown. Conceivably, Lasparaginase may have increased the risk of methotrexate neurotoxicity in all three patients. The treatment correlates of impaired neuropsychological function, as well as the consistency of neuropsychological deficits in patients having similar treatment regimes, remain to be studied in national cancer groups.
